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INTRODUCTION 

F o r  more t h a n  f o r t y  y e a r s ,  i t  h a s  b e e n  r e c o g n i z e d  t h a t  t h e  
many i n t e r a c t i v e  p h y s i c a l  and chemica l  phenomena which compr ise  
c o a l  l i q u e f a c t i o n  f a l l  i n t o  two f u n c t i o n a l  c a t e g o r i e s :  p roduc t ive  
p r o c e s s e s  and coun te r -p roduc t ive  p r o c e s s e s  (1,2,3). Yet d e s p i t e  
t h i s  u n d e r s t a n d i n g ,  t h e  n a t u r e  of t h e s e  components and t h e  con- 
t r i b u t i o n  of e a c h  t o  t h e  o v e r a l l  c o n v e r s i o n  have  r e m a i n e d  ob-  
scure.  Th i s  c a n  be a t t r i b u t e d ,  i n  p a r t ,  t o  t h e  complex n a t u r e  of 
c o a l  b u t  i s  a l s o  d u e  t o  poor  p e r c e p t i o n  of t h e  p r o b l e m  and  t o  
consequent  d e f i c i e n c i e s  i n  e x p e r i m e n t a l  des ign .  

The c o n v e r s i o n  o f  c o a l  t o  l i q u i d  p r o d u c t s  i s  c l e a r l y  a 
dynamic p rocess .  I t  is ,  t h e r e f o r e ,  q u i t e  c u r i o u s  t h a t  most coa l  
s c i e n t i s t s  c o n t i n u e  t o  employ  i n v e s t i g a t i v e  t e c h n i q u e s  more 
a p p r o p r i a t e  f o r  m e a s u r i n g  the rmodynamic  r a t h e r  t h a n  dynamic  
phenomena. These t e c h n i q u e s  c o n f i n e  s t a r t i n g  mater ia ls ,  i n t e r -  
media tes ,  and p r o d u c t s  t o  t h e  same r e a c t i o n  space th roughou t  t h e  
p r imary  p roduc t -de te rmin ing  segment of t h e  convers ion .  

From t h i s  p e r s p e c t i v e ,  a u t o c l a v e s  (4,5), t u b i n g  bombs (61, 
and even s t a g e d  f low r e a c t o r s  ( 7 )  a r e  s imply  i n c a p a b l e  of r e s o l v -  
i n g  p r o d u c t i v e  and  c o u n t e r - p r o d u c t i v e  p r o c e s s e s .  I n  t h e s e  
r e a c t o r  s y s t e m s ,  s e c o n d a r y  p r o c e s s e s  a r e  p r o m o t e d  r a t h e r  t h a n  
i n h i b i t e d  and, t h u s ,  obscu re  p r imary  pathways i n  t h e  convers ion .  
I n t e r p r e t a t i o n s  of t h e  r e s u l t s  from t h e s e  expe r imen t s  i n  terms of 
p r i m a r y  p r o c e s s e s  a r e  beyond t h e  c a p a c i t i e s  o f  mere mor ta l s .  On 
t h e  o t h e r  h a n d ,  f i x e d  bed ,  f l o w  mode r e a c t o r s  have  t h e  c a p a c i t y  
t o  remove  c o n v e r s i o n  p r o d u c t s  a s  t h e y  d i s s o l v e  i n  t h e  f l o w i n g  
phase :  and., i n  t h i s  way, s u c h  r e a c t o r s  i n h i b i t  s e c o n d a r y  r e a c -  
t i o n s  i n v o l v i n g  s o l u b i l i z e d  products .  

Recent ly ,  we r e p o r t e d  t h e  development of a f low mode micro-  
r e a c t o r  f o r  the purpose  of d y n a m i c a l l y  i n v e s t i g a t i n g  t h e  the rma l  
d i s s o l u t i o n  o f  c o a l  ( 8 ) .  Us ing  t h i s  a p p a r a t u s ,  w e  e s t a b l i s h e d  
c h a r a c t e r i s t i c  s t a g e d  t e m p e r a t u r e  s o l u b i l i z a t i o n  p r o f i l e s  f o r  
c o a l s  of v a r i o u s  r anks  and p r e s e n t e d  ev idence  t h a t  t h e s e  dynamic 
p r o f i l e s  were compr ised  of ( a t  least)  t w o  t y p e s  of s o l u b i l i z a t i o n  
phenomena. I n  t h e  p r e s e n t  s tudy ,  w e  have conf i rmed and extended 
t h e s e  f i n d i n g s  by u s i n g  t e m p e r a t u r e  programmed e x p e r i m e n t s  t o  
c l e a r l y  r e s o l v e  t h e  benzene s o l u b i l i z a t i o n  e v e n t s  and by c h a r a c t -  
e r i z i n g  t h e  c o a l  l i q u i d s  produced d u r i n g  t h e s e  events .  
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EXPERIHENTAL 

General  

I l l i n o i s  No. 6 C o a l  f r o m  t h e  A m e s  L a b o r a t o r y  C o a l  L i b r a r y  
was used f o r  t h e s e  s t u d i e s .  The u l t i m a t e  a n a l y s i s  f o r  t h i s  c o a l  
(dmmf b a s i s )  i s  C:  80.60%; H: 5.63%; N: 1.56%: Sorg: 2.35%; a n d  
O ( d i f f ) :  9.81%. Ash ( d r y  b a s i s )  and v o l a t i l e  matter (dmmf b a s i s )  
c o n t e n t s  a r e  1 0 . 0 %  a n d  40.4%, r e s p e c t i v e l y .  P r i o r  t o  u s e ,  t h e  
c o a l  was g r o u n d ,  s i z e d  t o  2 0 0  x 4 0 0  mesh,  r i f f l e d  t o  i n s u r e  
u n i f o r m i t y ,  and d r i e d  a t  l l O ° C  o v e r n i g h t  under  vacuum. Degassed 
HPLC g r a d e  b e n z e n e  w a s  u s e d  i n  t h e  s o l u b i l i z a t i o n  e x p e r i m e n t s ;  
and samples  and s o l v e n t s  were  handled  and s t o r e d  under  n i t r o g e n .  

S o l u b i l i z a t i o n  P r o c e d u r e s  

F l o w  mode s o l u b i l i z a t i o n  e x p e r i m e n t s  were c a r r i e d  o u t  i n  a n  
improved v e r s i o n  of  o u r  f l o w  mode reactor. N e w  f e a t u r e s  i n c l u d e  
cont inuous ,  "on- l ine"  o p t i c a l  d e n s i t y  m o n i t o r i n g  of t h e  r e a c t o r  
e f f l u e n t :  r e a l  t i m e  d a t a  a c q u i s i t i o n  of  o p t i c a l  d e n s i t y ,  t empera-  
t u r e ,  and p r e s s u r e :  and an  improved t i m e  r e s o l v e d  p r o d u c t  collec- 
t i o n  system. I n  a t y p i c a l  exper iment ,  a preweighed amount (25- 
200 mg) o f  200-400 mesh coal w a s  p l a c e d  i n  t h e  t u b u l a r  r e a c t o r ,  
f i x e d  i n  p l a c e  by 2 B s t a i n l e s s  s tee l  f r i t s ,  and a s h i e l d e d  0.062 
i n c h  0.d. chromel-alumel  thermocouple  w a s  i n s e r t e d  i n t o  t h e  coal 
bed. A f t e r  c o n n e c t i n g  t h e  r e a c t o r  and purging t h e  a p p a r a t u s  w i t h  
n i t r o g e n ,  t h e  e n t i r e  s y s t e m  w a s  f i l l e d  w i t h  b e n z e n e  a n d  
p r e s s u r i z e d  t o  3190 p s i  b e f o r e  a d j u s t i n g  t h e  s o l v e n t  f l o w  t o  1.0 
ml/minute .  

Two k i n d s  of t e m p e r a t u r e  programmed benzene s o l u b i l i z a t i o n  
e x p e r i m e n t s  were c a r r i e d  o u t :  

(1) Staged  t e m p e r a t u r e  benzene s o l u b i l i z a t i o n  and 
( 2 )  Continuous t e m p e r a t u r e  benzene s o l u b i l i z a t i o n .  

I n  t h e  f o r m e r  e x p e r i m e n t s ,  t a r g e t e d  t e m p e r a t u r e s  were  a l w a y s  
a t t a i n e d  and  s t a b i l i z e d  w i t h i n  3 t o  5 m i n u t e s .  F o r  a l l  e x p e r i -  
ments, t e m p e r a t u r e  w a s  c o n t r o l l e d  d u r i n g  t h e  c o n v e r s i o n  a c c o r d i n g  
t o  a p r e d e t e r m i n e d  p r o g r a m ;  a n d  t h e  o p t i c a l  d e n s i t y  p r o f i l e  of 
t h e  p r o d u c t  stream, a s  w e l l  as t e m p e r a t u r e  and p r e s s u r e  p r o f i l e s  
o f  t h e  c o a l .  b e d ,  w e r e  r e c o r d e d  t h r o u g h o u t  t h e  c o n v e r s i o n .  
P r o d u c t s  were c o l l e c t e d  a t  a p p r o p r i a t e  times on t h e  b a s i s  o f  t h e  
o p t i c a l  d e n s i t y  p r o f i l e .  

Chromatographic  A n a l y s i s  of P r o d u c t s  

Samples  were p r e p a r e d  f o r  a n a l y s i s  by removing t h e  s o l v e n t  
from t h e  s o l u b i l i z a t i o n  p r o d u c t  a t  room t e m p e r a t u r e  u s i n g  a slow 
s t ream of n i t r o g e n .  The d r i e d  p r o d u c t  was t h e n  d i s s o l v e d  i n  0.2 
m l  o f  t e t r a h y d r o f u r a n  a n d  t h i s  s o l u t i o n  was  u s e d  f o r  c h r o m a t o -  
g r a p h i c  a n a l y s i s .  P r o d u c t s  were a n a l y z e d  by Reverse  Phase Liquid  
C h r o m a t o g r a p h y  (RPLC) on a 4 . 1  m m  x 300 m m  A-Bondapak ( p h e n y l /  
c o r a s i l )  column ( A l l t e c h  A s s o c i a t e s ) ,  by G e l  P e r m e a t i o n  Chromato- 
g r a p h y  (GPC) on  1 0 0 0 ,  5 0 0 ,  and  1 0 0  A n g s t r o m H - S t y r a g e l  c o l u m n s  
(waters A s s o c i a t e s ) ,  and by  C a p i l l a r y  G a s  Chromatography o n  a 30 
meter DB-5 column ( J & W  S c i e n t i f i c ) .  
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RESULTS 6 DISCUSSION 

S o l u b i l i z a t i o n  P r o f i l e s  

P r e v i o u s  i n v e s t i g a t i o n s  i n  o u r  l a b o r a t o r i e s  ( 9 )  h a v e  p r o -  
v i d e d  p e r s u a s i v e  e v i d e n c e  t h a t  coa l  s o l u b i l i z a t i o n  i n  b e n z e n e  
proceeds  v i a  p h y s i c a l  p r o c e s s e s  a t  t e m p e r a t u r e s  below 3OO0C and 
t h a t ,  a s  t h e  t e m p e r a t u r e  i s  i n c r e a s e d  beyond 3OO0C, t h e r m a l  
c h e m i c a l  processes become p r o g r e s s i v e l y  more impor tan t .  S taged  
t e m p e r a t u r e ,  f l o w  mode e x p e r i m e n t s  have proven u s e f u l  a s  a means 
of i n v e s t i g a t i n g  s o l u b i l i z a t i o n  phenomena as a f u n c t i o n  of t ime 
and t e m p e r a t u r e  ( 8 ) .  A s t a g e d  t e m p e r a t u r e  (26O/39O0C) s o l u b i l i -  
z a t i o n  p r o f i l e  f o r  I l l i n o i s  No. 6 c o a l  i s  shown i n  F i g u r e  1. 

Under t h e s e  c o n d i t i o n s ,  it i s  n o t  clear whether  t h e  maxima 
i n  e f f l u e n t  a b s o r b a n c e  a t  3 m i n u t e s  a n d  2 4  m i n u t e s  a r e  d u e  t o  
d i s t i n c t  and  r e s o l v a b l e  c o n v e r s i o n  phenomena. The maxima coin-  
c i d e  w i t h  h e a t i n g  ramps and c o u l d  s i m p l y  r e f l e c t  a g e n e r a l  t e m -  
p e r a t u r e  d r i v e n  i n c r e a s e  i n  a l l  of  t h e  p r o c e s s e s  which  c o n t r i b u t e  
t o  s o l u b i l i z a t i o n .  This  q u e s t i o n  was a d d r e s s e d  by  c a r r y i n g  o u t  
t h e  benzene s o l u b i l i z a t i o n  e x p e r i m e n t  w h i l e  programming t h e  t e m -  
p e r a t u r e  c o n t i n u o u s l y  from 25OC t o  42OoC ( F i g u r e  2). The s o l u b i -  
l i z a t i o n  p r o f i l e  g e n e r a t e d  i n  t h i s  manner  d e m o n s t r a t e s  con-  
c l u s i v e l y  t h a t  t h e r e  a r e  a t  l e a s t  t w o  d i s t i n c t  s o l u b i l i z a t i o n  
e v e n t s :  o n e  i n  t h e  240 t o  28OoC r e g i o n  a n d  t h e  o t h e r  i n  t h e  370- 
41OoC reg ion .  

C h a r a c t e r i z a t i o n  of P r o d u c t s  

I n  o r d e r  t o  f u r t h e r  i n v e s t i g a t e  t h e  n a t u r e  o f  these e v e n t s ,  
l o w  t e m p e r a t u r e  p r o d u c t  (LTP) and h i g h  t e m p e r a t u r e  p r o d u c t  (HTP) 
f r a c t i o n s  were c o l l e c t e d  d u r i n g  t h e  times i n d i c a t e d  i n  F i g u r e  2. 
These f r a c t i o n s  were t h e n  ana lyzed  by Reverse Phase  L i q u i d  Chrom- 
a tography (RPLC) and by G e l  Permeat ion  Chromatography (GPC) , and 
t h e  r e s u l t i n g  c h r o m a t o g r a m s  a re  shown i n  F i g u r e s  3 a n d  4 ,  re- 
s p e c t i v e l y .  On t h e  b a s i s  of  RPLC, t h e  High Tempera ture  F r a c t i o n  
a p p e a r s  t o  have a l a r g e r  p o l a r  component t h a n  t h e  Low Temperature  
F r a c t i o n .  However ,  t h e s e  r e s u l t s  a r e  n o t  unambiguous ;  t h e  
d i f f e r e n c e  i n  RPLC p a t t e r n s  a p p e a r s  t o  b e  d u e  t o  d i f f e r e n c e s  i n  
t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  c o m p o n e n t s  r a t h e r  t h a n  t h e  
p r e s e n c e  or a b s e n c e  o f  c o m p o n e n t s  i n  t h e  p r o d u c t  f r a c t i o n s .  
Fur thermore ,  l i t t l e  d i f f e r e n c e  i s  a p p a r e n t  i n  t h e  GPC traces of  
t h e  t w o  f r a c t i o n s  ( F i g u r e  4). 

T o  c l a r i f y  t h e s e  r e s u l t s ,  p r o d u c t s  were c o l l e c t e d  f r o m  a 
t h r e e  s t a g e  (26O/340/42O0C) s o l u b i l i z a t i o n  e x p e r i m e n t  a n d  ana-  
l y z e d  by  RPLC a n d  GPC ( F i g u r e s  5 a n d  6 ) .  The c h r o m a t o g r a m s  
r e v e a l  u n a m b i g u o u s  d i f f e r e n c e s  i n  t h e  p r o d u c t s  a n d  p r o v i d e  t h e  
b a s i s  f o r  t w o  i m p o r t a n t  c o n c l u s i o n s .  That  t h e  material produced 
a t  420°C i s  d i s t i n c t l y  more p o l a r  t h a n  p r o d u c t s  s o l u b i l i z e d  a t  
lower t e m p e r a t u r e s  i s  clear from t h e  RPLC traces ( F i g u r e  5 ) .  I t  
i s  e q u a l l y  a p p a r e n t  f r o m  t h e  GPC t r a c e s  ( F i g u r e  6 )  t h a t  t h e  
molecular  w e i g h t  of t h e  p r o d u c t  increases t o  a maximum between 
260 and 42Ooc. 

Thus, w h i l e  t h e  molecular  w e i g h t  d i s t r i b u t i o n s  of  t h e  pro- 
d u c t s  a t  260  and  42OoC a r e  q u i t e  s imilar  (see also F i g u r e  41, t h e  
p r o d u c t s  t h e m s e l v e s  are a l m o s t  c e r t a i n l y  g e n e r a t e d  by  d i f f e r e n t  
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P r o c e s s e s .  I t  a p p e a r s  t h a t  t h e  26OoC f r a c t i o n  i s  p r o d u c e d  by 
p h y s i c a l  d i s s o l u t i o n  p r o c e s s e s  which c o n t i n u e  t o  dominate  pyro-  
l y t i c  p r o c e s s e s  a t  34OoC. However, b y  42OoC, t h e r m a l  c h e m i c a l  
f r a g m e n t a t i o n  p r o c e s s e s  a r e  d o m i n a n t  a n d  t h e  a v e r a g e  M W  o f  t h e  
p r o d u c t  has  d e c r e a s e d  w h i l e  t h e  p o l a r i t y  h a s  i n c r e a s e d .  

FUTURE WORK 

W e  h a v e  b e g u n  t o  t e s t  t h i s  h y p o t h e s i s  a n d  t o  f u r t h e r  
e l u c i d a t e  t h e  n a t u r e  o f  t h e s e  p r o c e s s e s  u s i n g  GCIMS t o  a n a l y z e  
t ime and t e m p e r a t u r e  r e s o l v e d  p r o d u c t s  f rom o u r  exper iments .  I n  
F i g u r e  7 ,  t h e  c a p i l l a r y  g a s  c h r o m a t o g r a m s  o f  t h e  260 a n d  42OoC 
f r a c t i o n s  are  compared w i t h  t h o s e  of  a c e t o n e  e x t r a c t s  f rom whole 
c o a l  and coal t a r  (42OoC, vacuum). Major  new components, a b s e n t  
i n  t h e  low t e m p e r a t u r e  e x t r a c t s  a r e  a p p a r e n t  i n  b o t h  42OoC 
p r o d u c t s  and are now b e i n g  a n a l y z e d  by GCIMS. 
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Figure 1. Staged Temperature Benzene Solubilization of Illinois 
No. 6 Coal. First Stage: 26OoC/3180 psi; Second Stage: 
39OoC/3180 psi. 
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Figure 2. Continuous Temperature Benzene Solubilization Of 
Illinois NO. 6 Coal at 3180 psi. Initial Temperature: 
2 0 ° C ;  Final Temperature: 420'C. 
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Figure 3. Liquid Chromatograms of Products from the Continuous 
Temperature Programmed Benzene Solubilization of 
Illinois No. 6 Coal. 
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Continuous Temperature Programmed Benzene Solubilization 
of Illinois No. 6 Coal. 

Figure 4. Gel Permeation Chromatograms of Products from the 
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Figure 5. Liquid L?.romatograms of Products from the Temperature 
Staged Benzene Solubilization of Illinois No. 6 Coal. 

10 

- 260 C F R A C T I O N  

8 340 C F R A C T I O N  

420 C F R A C T I O N  

6 

4 

2 

Time 
(Minutes) 

6. Gel Permeation Chromatograms of Products from the 
Temperature Staged Benzene Solubilization of 
Illinois No. 6 Coal. 
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